In colonies of eusocial Hymenoptera cooperation is organized through social odors, and 24 particularly ants rely on a sophisticated odor communication system. Neuronal information 25 about odors is represented in spatial activity-patterns in the primary olfactory neuropile of the 26 insect brain, the antennal lobe (AL), which is analog to the vertebrate olfactory bulb. The 27 olfactory system is characterized by neuroanatomical compartmentalization, yet the functional 28 significance of this organization is unclear. Using two-photon calcium imaging, we 29 investigated the neuronal representation of multi-component colony odors, which the ants 30 assess to discriminate friends (nestmates) from foes (non-nestmates). In the carpenter ant 31
ORNs within olfactory sensilla has been reported on in honey bees (Akers and Getz 1992, 111 1993; Akers 1993, 1994) . 112
Second, the antennal nerves split into several sensory tracts before entering the AL, and in 113 carpenter ants, each of the 7 sensory tracts (T1-T7) innervates a distinct sub-region 114 power of the whole AL network. Depending on the requirements on discrimination or 132 detection of an odor, one or the other processing mechanism might be advantageous. 133
In this study, we investigated whether colony odor is represented exclusively in single, 134 specialized AL compartments or whether it is distributed across compartments. While the 135 former would correspond to specific AL compartments as processing centers devoted to 136 colony recognition, the latter would indicate parallel processing of the multi-component 137 colony odors in the AL. Calcium imaging with advanced two-photon microscopy allowed us 138 to monitor neuronal activity in response to colony odors in different AL compartments of the 139 carpenter ant Camponotus floridanus. We analyzed the spatial activity patterns elicited by 140 nestmate and non-nestmate colony odor, in order to further our understanding on how ants 141 discriminate friends from foes. 142
Materials and Methods

143
Ethics statement 144
The performed experiments comply with the current laws of the Federal Republic of Germany 145 and collection of founding queens for laboratory colonies conformed to the laws of the United 146
States of America effective at time of collection. 147
Animals 148
C. floridanus is an evolutionary-derived eusocial species with colonies consisting of more 149 than 10,000 individuals but only one single-mated queen (Gadau et al. 1996) . Genetic 150 homogeneity within colonies is high and heritable components of the colony odor are 151 probably important for colony recognition in this species (Carlin and Hölldobler 1986, 1987) . 152
Workers show distinct colony recognition behavior, which has been studied in great detail 153 (Carlin and Hölldobler 1983 Hölldobler , 1986 Hölldobler , 1987 Carlin et al. 1987) . 154
Experimental colonies were raised from founding queens collected by A. Endler and Ch. 155
Strehl at Florida Keys (Florida, USA), after mating flight. Colonies were kept in the 156 laboratory in artificial plaster nests at a constant temperature of 25 °C and 50% humidity 157 (12h/12h photoperiod) and provided with artificial diet (Bhatkar and Whitcomb 1970), honey-158 water, and dead cockroaches (Nauphoeta cinerea) twice a week and water ad libitum. Colony 159 size was approximately 4000 ants. Neurophysiological experiments were conducted with 160 large workers (head width > 3 mm) from a colony, with a founding queen collected at 161
Sugarloaf Shores in July 2002 and nestmate colony odor was obtained from small workers 162 (head width < 3 mm) of the same colony. Non-nestmate colony odors were obtained from 163 small workers, whose founding queens had been collected at Orchid Island in September 164
165
Colony odors 166
The . In order to obtain nestmate (NM) and non-180 nestmate (nNM) colony odor, a small worker was immobilized on ice, the gaster removed, 181 and the thorax pinned upside down onto a silicone elastomer (Sylgard 182, Dow Corning, 182 USA) in a Petri dish. The head was covered with distilled water, the maxillo-labial apparatus 183 was removed and the PPGs were taken out by pulling out the pharynx. In order to compensate 184 for differences in content quantity between glands, three PPGs were collected in 500 µl of 185 distilled hexane and the glandular content was extracted for at least 2 h. Prior to experiments, 186 hexane was evaporated under a constant stream of pure N 2 (Sauerstoffwerk Friedrichshafen 187 GmbH, Germany) to a volume of ~75 µl. As colony odors change over time in the range of stained ventral-lateral somata cluster is visible ( Fig. 2A, white arrow heads) , and the 313 glomeruli, hence, belong to the VR-hemilobe (l-APT innervated). The focal plane at 160 µm 314 is at the dorsal border of the antennal nerve entrance point (Fig. 2D ) and the ventral border of 315 the medial-dorsal somata cluster is visible (Fig. 2B) . At 200 µm, the medial-dorsal somata 316 cluster and the "lateral passage" are clearly visible (Fig. 2C) . From this, we conclude that the 317 brightly stained glomeruli at 160 µm and the glomeruli at 200 µm below ventral AL surface 318 belong to the DC-hemilobe of the AL (m-APT innervated). The AL volume we measured was 319 larger than reported in other publications, probably because in our study were recorded in-320 vivo, hence, the ALs were not subject to shrinking. 321
Data evaluation 322
First, we selected regions of interest (ROIs) within animals at each recorded focal plane (at 40 323 µm, 160 µm, and 200 µm below the ventral AL surface). ROIs were selected where glomeruli 324 were morphologically visible based on the Fura-2 dextrane staining. Here, spontaneous 325 activity unambiguously corresponded to individual glomeruli. Additionally, ROIs were 326 selected where spontaneous activity was in the size range of morphologically visible 327 glomeruli and, hence, revealed the location of glomeruli, which were not clearly 328 distinguishable solely based on the innervation of their stained PNs. However, we cannot 329 completely exclude that in few of these cases the selected ROIs may represent more than one 330 single glomerulus. Since there is no standard AL atlas available for C. floridanus, and the 331 approximately 460 glomeruli are small and densely packed ), identification 332 of individual glomeruli across specimen is not possible. In order to meet with these 333 constraints, analysis of imaging data and statistics were performed only within animals. 334
In order to separate spontaneous activity from colony odor elicited activity, we pooled the 335 fluorescence changes over time of repeated stimulations with the same colony odor. This 336 procedure was used to average out random, spontaneous activity, and at the same time 337 preserved stimulus correlated activity. A glomerulus was defined as activated by colony odor 338 if its fluorescence change upon stimulation was at least 3 times higher than the standard 339 deviation of variation in fluorescence changes prior to stimulation. Glomeruli activated by 340 control stimulation were excluded from further analyses. To test whether there are differences 341 in the strength of neuronal responses to colony odors at different focal planes, we determined 342 the proportion of colony odor activated glomeruli at each focal plane and tested for 343 differences using Wilcoxon-tests (matched-pair comparison within animals). Furthermore, we 344 identified the glomeruli activated most strongly (i.e. with the highest fluorescence change) by 345 colony odors at each focal plane and tested for differences in maximal fluorescence change 346 between focal planes using paired t-tests (comparison within animals). Significance levels for 347 both tests were adjusted to correct for multiple testing using the Bonferroni-Holm method, 348 setting α 1 to 0.017, α 2 to 0.025, and α 3 to 0. According to Scree tests, we included 8-14 PCs, describing 33.3 -69.6 % of the variance. To 365 test whether the activity patterns change upon stimulation, we compared EDs of the odor pair 366 NM-nNM in pre and in stim conditions using paired t-tests. 367
In order to describe the variability of spatial activity patterns of repeated odor trials of the 368 same colony odor, we plotted the trajectories representing individual odor trials within 369 animals. To quantify variability, we calculated EDs between odor pairs of consecutive 370 repeated odor trials with the same colony odor (nestmate: NM-NM; non-nestmate nNM-371 nNM) and between odor pairs of consecutive odor trials with nestmate and non-nestmate 372 colony odor (NM-nNM). We tested these distances statistically using paired t-tests. First, we 373 compared EDs of similar odor pairs in pre and stim conditions; second, we compared EDs of 374 the odor pairs NM-NM, nNM-nNM, and NM-nNM in the stim condition. Again, significance 375 levels were adjusted to correct for multiple testing using the Bonferroni-Holm method, setting 376 
Results
382
We investigated the neuronal representation of colony odors in glomeruli of the AL in 9 383 animals. We recorded neuronal activity of VR-hemilobe glomeruli at 40 µm and of DC-384 hemilobe glomeruli at 160 µm and 200 µm below the ventral AL surface. Glomeruli were 385 clearly visible at all recorded focal planes of the AL and the high spatial resolution of two-386 photon microscopy allowed for collecting high-resolution image stacks right after recording 387 neuronal activity (Fig. 2) . Spontaneous activity was very high throughout the recordings 388 (∆F/F > 2.5 %), and this allowed identification of less clearly visible glomeruli. In the 9 389 investigated animals between 102 and 264 regions of interest (ROIs) corresponding to 390 glomeruli were selected for further analysis (mean: 197 ROIs). We measured both activation 391 and inhibition of glomeruli in response to nestmate and non-nestmate colony odor stimulation 392 at all recorded focal planes (see Fig. 3 as an example at 160 µm) and between 13.5 % and 393
% of all ROIs responded to stimulation with colony odors (mean: 21.7 %). In contrast, 394
no stimulus-correlated activity was measured, when a heated control dummy (solvent only) 395 was presented (Fig. 3D&H) . Spatial activity patterns in response to nestmate and non-396 nestmate colony odors were overlapping (cp. Fig 3B&C) : between 12.0 % and 44.4 % of the 397 ROIs responding to colony odor stimulation responded to both nestmate and non-nestmate 398 colony odor (mean: 27.3 %). 399
In order to quantify neuronal responses to colony odors in different AL compartments, we 400 colony odors at 160 µm responded to both nestmate and non-nestmate colony odor (Table. 2 
). 418
In summary, neuronal responses to colony odors were stronger in the DC-hemilobe (at 160 419 µm) than in the VR-hemilobe (at 40 µm), i.e. more glomeruli responded with higher signal 420 amplitudes. Importantly, however, neuronal activity elicited by colony odors was not 421 restricted to specific compartments within the AL. 422
Next, we compared the spatial activity patterns elicited by nestmate and non-nestmate colony 423 odor. We performed principal component analyses within animals. First, we plotted pooled 424 NM and nNM trajectories (Fig. 5) . Upon stimulation (stim) the NM and nNM trajectories 425 evolved into the same direction, which was different from the control trajectory (Fig. 5A&B) . 426 We compared EDs of the odor pair NM-nNM in pre and in stim conditions and found a 427 significant difference ( Fig. 5C ; paired t-test, t = -4.64, DF = 8, p = 0.0017). This result shows 428 that the spatial activity patterns in the AL become more different in response to nestmate and 429 non-nestmate colony odor stimulation, indicating a change from spontaneous activity prior to 430 stimulation to colony odor specific activity patterns upon stimulation. In order to assess 431 variability, we compared the trajectories representing individual odor trials (Fig. 6) . 432
Individual NM and nNM trajectories evolved into the same general direction upon stimulation 433 and were not clearly segregated from each other, whereas the control trajectory evolved into a 434 different direction (Fig. 6A&B) . To quantify variability, we statistically tested i) EDs of 435 similar odor pairs (NM-NM and nNM-nNM) in pre and stim conditions, and ii) EDs of the 436 odor pairs NM-NM, nNM-nNM, and NM-nNM in the stim condition. EDs between odor pairs 437 in the pre condition were significantly lower than in the stim condition (table 3A) . In the stim 438 condition, EDs between nNM-nNM were significantly lower than between NM-NM and 439 between NM-nNM. There was no significant difference in EDs between NM-NM and 440 between NM-nNM (table 3B) . Thus, in a n-dimensional space, trajectories representing 441 activity patterns elicited by nestmate colony odor expand more fanned out than those 442 representing non-nestmate colony odor; yet, the non-nestmate colony odor representations are 443 not clustered distinctly outside the (larger) area of space occupied by nestmate colony odor 444
representations. Thus, spatial activity patterns elicited by non-nestmate colony odor are less 445 variable than activity patterns elicited by nestmate colony odor. 446
447
Discussion
448
In this study, we investigated the neuronal representation of a social odor, which is used to 449 identify friends and foes, in the antennal lobe (AL) of ants. Multi-component colony odors of 450 nestmates and non-nestmates were represented in overlapping spatial activity patterns. 451
Overlapping representation was expected, since both colony odors consist of the same 452 components at differing ratios. Although the activity patterns were not homogeneously 453 distributed, we did not find exclusive representations restricted to single AL compartments. 454 Our results indicate that information about colony odors is processed in parallel, using the 455 computational power of the whole AL network. Parallel processing might be advantageous, 456 when the olfactory system has to reliably discriminate highly complex social odors. Activity 457 patterns in response to repeated stimulation with the same colony odor were variable, yet 458 variability was higher in response to nestmate than to non-nestmate colony-odor. We 459 speculate that this finding may reflect plasticity of the AL network, which allows for 460 adjustment of the neuronal template to a changing colony odor, i.e. template reformation. We show that ants are not anosmic to nestmate colony odor. Information about both, 566 nestmates and non-nestmates, is passed on to higher brain centers, as we measured the AL 567 output. For a neuronal process as complex as colony recognition, it may be advantageous to 568 use information about nestmates and non-nestmates side by side in order to allow reliable 569 recognition. 570
Functional segregation within single compartments and parallel processing distributed across 571 compartments are two different processing mechanism and examples for both have been 572 described in the insect olfactory system (Galizia and Rössler 2010) . Depending on the 573 requirements on odor detection or odor discrimination, selective pressure may ultimately 574 favor either one or the other mechanism. Complex blends, like e.g. colony odors, demand a 575 high discriminatory power of the nervous system. In this case, distributed activity and parallel 576 processing may be advantageous, as the computational power of the whole AL network can 577 be used to solve the discriminatory task. On the other hand, a functional segregation with 578 exclusive processing in specialized centers may be favored in case high sensitivity is needed 579 for detecting even minute quantities of single components, e.g. of a sex pheromone. However, 580 these two principles are not irrevocably imperative: Trail pheromone is used by many 581 different ant species, and often sensitivity is remarkably high (Hölldobler and Wilson 1990) . 582
However, whereas major workers of leaf-cutting ants exhibit functional segregation using a In conclusion, the organization of the AL is shaped to balance the requirements of 588 discriminatory power and sensitivity, and eventually opposing selective pressures result in a 589 complex olfactory system adapted to the behavioral repertoire of a species. As the highly 590 developed olfactory system of ants is easily accessible for a range of neurophysiological 591 techniques, this system is ideally suited to unlock the principles underlying the processing of 592 complex odors. 593
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